Indooroopilly, Queen8land, Australia (Received 16 March 1964) Sucrose is the first sugar detected when sucrose, glucose or fructose is actively accumulated by storage tissue of sugar-cane stems. Glucose and fructose are accumulated more rapidly than sucrose by immature and mature storage tissue (Glasziou, 1960; Sacher, Hatch & Glasziou, 1963) . The first and generally the rate-limiting step for sucrose accumulation is hydrolysis by an invertase located outside the cytoplasmic membrane. To explain these observations Sacher et al. (1963) proposed that the compound that moved across the limiting membrane into the cellular storage compartment was a sucrose derivative that was only derivable from sucrose via hexoses. Sucrose phosphate (phosphorylated at the 6-position of fructose) appears to be the only known sucrose derivative found in plants that would fulfil these requirements. The present studies provide evidence consistent with the proposition that sucrose phosphate is an intermediate in the sugar accumulation process. METHODS Preparation and assay of uridine diphosphate glucosefructose 6-phosphate glucosyltransferase. Rind-free storage tissue or leaf tissue was cut into small pieces and frozen, and then 50 g. homogenized with 100 ml. of cold 10 mMpotassium phosphate buffer, pH 8-0. The extract obtained by squeezing the homogenate through fine muslin was treated with solid (NH4)2SO4 to obtain the protein that precipitated between 40% and 50% saturation. This treatment removed most of the UDP-glucose-fructose glucosyltransferase and alkaline phosphatase present in the original extracts. The protein was suspended in 10 ml. of 2 mM-potassium phosphate buffer, pH 7-4, and dialysed for 16 hr. against 3 1. of the same buffer at 3°. This preparation was used for enzyme studies. Reaction mixtures containing [U-14C]fructose 6-phosphate as substrate are described in the Results section. After heating in a boiling-water bath for 3 min. to stop the reaction, 0-01 ml. was transferred to the base lines of paper chromatograms. The remainder of the reaction mixture was adjusted to pH 9-3 with 0 01 ml. of 1 M-tris, and then 0 01 ml. of an alkaline phosphatase solution was added. This mixture was incubated for 1 hr. at 300 and then 0-01 ml. chromatographed together with the sample from the untreated reaction mixture, with ethyl acetate-pyridine-water (8:2:1, by vol.) as the developing solvent. With this solvent sugar phosphates remain at the origin and sucrose, glucose and fructose are separated.
Sugars were located by spraying with p-anisidine phosphate. The radioactivity on the chromatograms was measured with a Geiger-Muller tube. The counting efficiency was 5%, and samples containing approx. 4000 counts/min. were chromatographed. The increase in the proportion of radioactivity located in sucrose after phosphatase treatment was determined.
Preparation and assay of extracts for phosphatase activity. A 20 g. portion of tissue was cut into small pieces, cooled to 00 and then homogenized for 2 min. with 40 ml. of cold 50mM-potassium phosphate buffer, pH 8-0, containing sucrose (0-4M). The temperature was kept below 50 during the following steps. Cell debris retained by fine muslin was discarded and the cell particulate fractions that were precipitated at 2000g for 3 min., 25000g for 10 min. and 150000g for 60 min. were each suspended in 3 ml. of water. The protein in the 150000g supernatant was precipitated by the addition of solid (NH4)2SO4 to give 80 % saturation and then suspended in 3 ml. of water. All the fractions were dialysed against 3 1. of water for 16 hr. Part of the 150000g supernatant fraction was divided into six subfractions with (NH4)2SO4. The various fractions were tested for phosphatase activity at pH 5-4 and 8-2 with sucrose phosphate and fructose 6-phosphate as substrates. Reaction mixtures contained: enzyme solution (0 03 ml.); either [fructosyl-14C]sucrose phosphate (5 ,um-moles, 42000 disintegrations/min.), or[U-14C]fructose 6-phosphate (15 pmmoles, 140000 disintegrations/min.); MgCl2 (0 5,umole); and either potassium acetate buffer, pH 5-4 (2,umoles), or tris-HCl buffer, pH 8-2 (2,umoles); the total volume was 0.1 ml. Appearance of non-phosphorylated sugars was measured after chromatography of samples of the reaction mixture by using the procedure described above.
Formation of sucrose phosphate in tissue slices. Tissue was cut into 1 mm. slices with a microtome and washed for 1 hr. in running tap water. Tissue slices were then incubated with [U-14C]glucose as described in the Results section. After 10 min. the tissue was tipped into a strainer, washed for 10 sec. in running tap water, and then placed in 6 ml. of hot ethanol, macerated with a glass rod and heated in a boiling-water bath for 5 min. After shaking for 8 hr. the mixture was extracted with chloroform by the procedure of Bligh & Dyer (1958) . The aqueous extract was placed in a band across Whatman no. 3MM paper and chromatographed, with ethyl acetate-pyridine-water (8:2: 1, by vol.) as the developing solvent. The radioactivity remaining at the origin of the chromatograms was eluted from the paper with water. Portions of the eluate were chromatographed in the same solvent after treatment with alkaline phosphatase or alkaline phosphatase followed by invertase.
Accumulation of radioactiVe 8ugars by tissue slices. Tissue disks of mature (5 mm. x 1 mm. thick) or immature (5 mm. x 0 5 mm. thick) stem tissue were cut and washed for 1 hr. in running tap water. Equal numbers of disks were added to solutions of radioactive substrates and shaken in a water bath at 300 for 4 hr. Disks were then washed for 1 hr. in running tap water to remove radioactive compounds from the free space of the tissue (Sacher et al. 1963) . The stored sugars were extracted by crushing the tissue in 2 vol. (w/v) of hot ethanol, heating at 80°for 5 min. and shaking for 16 hr. at room temperature. Samples of the bathing medium and the tissue ethanol extract were chromatographed on paper, as described above, to determine the radioactivity in sugars and sugar phosphates. To determine the distribution of radioactivity in the hexose moieties of accumulated sucrose the remainder of the ethanol extract was chromatographed and the sucrose eluted from the paper with water. The eluate was treated with invertase and rechromatographed to determine the radioactivity in glucose and fructose. Sucrose labelled with 14C in the fructose moiety was prepared enzymically from [U_14C]fructose and UDP-glucose as described by Sacher et al. (1963) .
MATERIALS
[U-14C]Fructose 6-phosphate was prepared from [U-14C]-fructose by using crystalline yeast hexokinase. Unchanged fructose, ATP and ADP were separated from fructose 6-phosphate by chromatographing the reaction mixture as a band on Whatman no. 3MM paper, with propyl acetate-90% (v/v) formic acid-water (6:3:1, by vol.) as the developing solvent (Bieleski & Young, 1963 ). The fructose 6-phosphate band was located by radioautography and eluted from the paper with water. On treatment with wheat-germ acid phosphatase more than 99 % of the radioactivity was located in fructose.
Sucrose phosphate, phosphorylated at the 6-position of fructose and containing radioactivity only in the fructose moiety, was prepared by incubating [U-14C]fructose 6-phosphate (8.8 l&moles, 70 x 106 disintegrations/min.), u&moles) and tris-HCl buffer, pH 7-1 (60 pimoles), with wheat-germ UDP-glucose-fructose 6-phosphate glucosyltransferase, prepared as described by Mendicino (1960) . The reaction was stopped by heating at 1000 for 5 min. and the precipitated protein removed. The reaction mixture was then treated according to the procedure of Leloir & Cardini (1955) up to and including the removal of borate by vacuum-distillation and reprocessing with Dowex 50. The eluate from Dowex 50 was neutralized with NaOH and a large part of the inorganic salt removed with an electrolytic desalting apparatus. The preparation was then chromatographed on Whatman no. 3MM paper, with propan-l-ol-aq. ammonia (sp.gr. 0-88)-water (6:3:1, by vol.) (Hanes & Isherwood, 1949) as the developing solvent. The sucrose phosphate band was eluted with water and samples were chromatographed before and after treatment with alkaline phosphatase. Analyses of these samples showed that 99 5 % of the radioactivity was located in sucrose phosphate and approx. 0-5 % in fructose 6-phosphate. After treatment of a sample with phosphatase and then invertase all the radioactivity was located in fructose. Approx. 60% of the original radioactivity was recovered in sucrose phosphate.
RESULTS
Syntheis?i and breakdown of sucrose phosphate in sugar-cane tissue extracts. Hatch, Sacher & Glasziou (1963) briefly reported low sucrose phosphate-synthesizing activity by extracts of mature storage tissue of sugar-cane. Extracts of storage tissue and leaf have now been fractionated with ammonium sulphate to remove some interfering enzymes, and higher activities have been observed (Table 1 ). The sucrose released by treatment of reaction mixtures with phosphatase provided a measure of sucrose phosphate synthesis. The identity of the sucrose so formed was confirmed by co-chromatography with unlabelled sucrose and by treatment with yeast invertase. After invertase treatment the radioactivity was located in fructose. Efforts to identify a sucrose kinase in sugar-cane tissue extracts were not successful.
With sucrose phosphate as substrate most storage-tissue phosphatase activity at pH 5-4 and 8-2 was located in the 1500OOg supernatant. The combined activities of the particulate fractions that were precipitated at 2000g, 25 OOOg and 1500OOg were less than 10 % of the total. Sub- (Table 2 ). After treatment of the 'origin' compounds with alkaline phosphatase approx 50 % of the radioactivity remained immobile in the chromatography solvent used, approx. 15 % chromatographed with sucrose and the remainder with glucose and fructose. If the 'origin compounds' were treated with phosphatase and invertase, radioactivity appeared in glucose and fructose but not sucrose.
Distribution of 14C in 8ucro8e accumulated from sucrose phosphate and other 8ugar8. Sucrose and sucrose phosphate, containing radioactivity only in the fructose moiety, were supplied to tissue disks, and the total radioactivity and distribution of radioactivity in the sucrose accumulated by the tissue were determined (Table 3) . For comparison the sucrose accumulated from radioactive fructose and fructose 6-phosphate was also examined. The more rapid formation of stored sucrose from free sugars, compared with formation from phosphorylated sugars, was probably due to restricted entry of the latter into the cytoplasm. Irrespective of the substrate supplied approx. 60 % of the ethanolsoluble radioactivity taken up by the tissue was located in sucrose. Incubation media were buffered to pH 6-3 or above because at lower pH values phosphorylated sugars were rapidly hydrolysed by a phosphatase that was apparently located outside the cytoplasmic membrane. Sodium Table 3 . Radioactivity in 8ucrose accumulated into ti88ue slice8 and in the medium after Bupplying different radioactive sugars and sugar pho8phates
Immature storage-tissue slices (0 3 g.) were incubated with 0 7 ml. of a solution containing: radioactive substrate (03 3,mole, 2-5 x 106 disintegrations/min.); either potassium phosphate buffer, pH 7-2 (10 mM) (Expt. 1), or potassium phosphate buffer, pH 6-3 (10 mM), tris-HCl buffer, pH 6-3 (25 mM), and sodium molybdate (0 5 mM) (Expt. 2). After incubating for 4 hr. at 300 analysis was carried out as described in the Methods (Spencer, 1954) was used in the medium buffered at pH 6-3 to inhibit the phosphatase. In the same experiment tris was used to partially inhibit free-space invertase, which would be more than three times as active at pH 6-3 as at pH 7-2 (Sacher et al. 1963) . The distribution of radioactivity in the glucose and fructose moieties of sucrose accumulated from radioactive fructose and fructose 6-phosphate provided evidence for the rapid interconversion of glucose and fructose within the tissue (Table 3) . When [fructosyj-14C]sucrose phosphate was supplied there was little randomization of radioactivity in accumulated sucrose. This contrasted with the results obtained when [fructosyl-'4C]sucrose was -supplied. A small proportion of the sucrose accumulated from sucrose phosphate would be -derived from radioactive fructose, formed in the medium by the combined action of phosphatase and invertase. This proportion, calculated from the -observed fructose concentrations in the medium and the uptake of supplied fructose, was approx. 4 % for Expt. 1 and 2 % for Expt. 2. If allowance is made for sucrose derived in this manner, the ratios of 14C in the glucose and fructose moieties of the remaining accumulated sucrose would be close to zero. Results similar to those described in Table 3 were obtained for mature storage tissue.
The concentration of [fructosyl-14C]sucrose, as -supplied, was 0-43 mm, whereas the final concentration of sucrose in the medium of experiments containing [fructosyl-14C]sucrose phosphate was less than 10 % of this value. A separate experiment showed that the distribution of radioactivity in accumulated sucrose did not alter significantly when [fructosyl-14C] When sucrose is supplied to tissue disks a component of stored sucrose would be derived by passive diffusion. Hence estimates of the randomization of hexose moieties during the active accumulation process would be minimal. This component becomes significant when the active process is decreased byhigh pH or the addition oftris (Sacher etal. 1963) . From estimates ofdiffusion, based on the diffusion of fructose into the storage compartment, the ratio ofradioactivity inhexose moieties ofsucrose accumulated by the active process can be calculated. For the results in Table 3 the values of 0-32 and 0-36 become 0-45 and 0-43 respectively. DISCUSSION Sugar-cane storage tissue accumulates sucrose against a concentration gradient, the process being dependent on respiratory energy (Bieleski, 1960) . Reasons for considering that sucrose phosphate may be an intermediate in this process have already been presented. The synthesis and subsequent hydrolysis of sucrose phosphate could provide the expenditure of energy necessary from thermodynamic considerations of the process. The present concept of the sugar accumulation process is outlined in Scheme 1, which modifies one presented by Sacher et al. (1963) . Evidence for the steps leading to the formation of hexose phosphates and UDP-glucose has been reported (Hatch et al. 1963; Sacher et al. 1963 (James, 1953) , organic acids (Hatch, Pearson, Millerd & Robertson, 1959) and glucose 1-phosphate (Bieleski, 1960) , has been demonstrated. The present studies also show that fructose enters the sugar-cane cells much more readily than does fructose 6-phosphate. The first step in the metabolic utilization of fructose would almost certainly be phosphorylation to fructose 6-phosphate.
The processes of sugar accumulation by sugarcane stem tissue and Canna leaves (Putman & Hassid, 1954; Hassid, 1958) have many features in common. In other plant tissues (Hellebust & Forward, 1962; Robinson & Brown, 1952) , yeast (Fuente & Sols, 1962) and mould (Metzenberg, 1962) there is evidence that hydrolysis of sucrose by an invertase located outside the cytoplasmic membrane is a prerequisite for the metabolic utilization of sucrose. However, there are a number of tissues that store sucrose, including tobacco leaf (Porter & May, 1955) , sugar-beet root (Bacon, 1961) and artichoke tuber (Edelnan & Hall, 1963) does not prohibit its operation as a sucrosecleaving enzyme (Cardini, Leloir & Chiriboga, 1955 (Hatch, 1963) 
